. Although the bacterial capsule is recognized as an important virulence factor, the serotype b capsular polysaccharide alone has proven unsatisfactory as an immunogen in children under the age of 2 years (22) . However, vaccines also effective in children have been developed by coupling type b carbohydrate capsule, polyribosyl-ribose-phosphate, to protein carriers such as tetanus or diphtheria toxoids or menigococcal outer membrane protein (1, (27) (28) (29) . The Hib polysaccharide vaccines do not protect against infections caused by H. influenzae strains belonging to serotypes other than type b (i.e., serotype a or c through f or nontypeable H. influenzae [NTHi] ). NTHi rarely causes invasive infections but is a frequent cause of otitis media and sinusitis in children (19) . Patients with cystic fibrosis and chronic bronchitis often carry NTHi, which recently has been recognized also as an important cause of pneumonia (19) .
To construct a vaccine that protects against all types of infections caused by H. influenzae, surface-exposed H.
influenzae proteins such as pili (3) and outer membrane proteins (6) have been investigated. Several H. influenzae outer membrane proteins have been shown to give rise to protective antibodies in immunized animals. These proteins include the P1 heat-modifiable outer membrane protein (14) , the major P2 porin protein (18) , the P4 lipoprotein (7), the P6 peptidoglycan-associated lipoprotein (8, 17) , the PCP lipoprotein (5), and a surface protein with an apparent molec-* Corresponding author. ular weight of 98,000 (13) . A protein chosen as a vaccine component must be highly conserved in order to give protection from infection by heterologous strains. Of the vaccine candidates mentioned above, at least P2 has been shown not to protect against challenge by heterologous strains (18) . Another possible candidate to be used as an vaccinogen is the 42-kDa, surface-exposed lipoprotein, named protein D (26) , that was found in all of the 127 H. influenzae strains tested for direct binding of human myeloma immunoglobulin D (IgD) 4490 to their surfaces (2) . By using three different monoclonal antibodies directed against protein D, it was also shown that the IgD-binding molecule is antigenically conserved (2) . In this study, we determined the DNA sequence of the structural gene (hpd) encoding protein D from Hib strain MinnA and compared it with the previously reported hpd sequence from NTHi strain 772 (11) . We also showed that the gene is present in all H. influenzae strains tested and that only a limited variation is found within the gene.
( The remaining 36 strains, including 2 Hib strains, were from our own collection and have been described previously (2) . Each isolate was obtained from epidemiologically unrelated patients. All strains were serotyped by agglutination, using type-specific antisera, and were biotyped by the method of Kilian (12) .
Escherichia coli JM83 (31) was used as the recipient for plasmids pUC18 and pUC19 (31) Binding of 125I-labelled human IgD myeloma 4490 to intact bacteria was performed as described earlier (2).
Preparation of genomic DNA for Southern blot analyses.
High-molecular-weight bacterial DNA was prepared by a modification (24) of the method described by Moxon et al. (16) . Bacteria grown in 10 ml of supplemented brain heart infusion broth for 24 h were harvested by centrifugation followed by a washing step in Tris-EDTA (TE) buffer, pH 7.5 (15) . The As probes for hybridization, we used a 316-bp NheI-EcoRI fragment and a 629-bp internal EcoRI fragment from the hpd gene of the nontypeable H. influenzae strain 772 cloned in pUC18 (11) . DNA fragments were excised from agarose gels and extracted with Geneclean (Bio 101, Inc., La Jolla, Calif.). The excision-extraction procedure was repeated once to remove contaminating DNA before the fragments BamHI-cut and phosphatase-treated pUC18. E. coli JM83 cells, transformed with the ligation mixture by high-voltage electroporation, were selected for resistance to ampicillin. Individual colonies were transferred to nitrocellulose filters and screened with purified human IgD myeloma 4490. Among the 2,500 colonies tested, 9 were found to be positive. The positive colonies were picked, purified, and subjected to another two rounds of screening. Five clones remained positive after the purification.
Restriction enzyme analysis of plasmid DNA from the positive clones showed that three of the clones carried a 2.3-kbp insert, one clone carried a 2.9-kbp insert, and one clone had a 3.5-kbp fragment inserted into pUC18. One of the smaller recombinant plasmids, pHIM17, was chosen for further characterization. A partial restriction enzyme map was established for the insert of H. influenzae DNA in pHIM17. Previous work has shown that the hpd gene might be toxic to E. coli cells when its promoter is oriented in tandem with the lacZ promoter of the pUC vector (11) . Therefore, to identify the region coding for protein D in pHIM17, restriction enzyme fragments were subcloned into pUC18 and pUC19. The resulting transformants were tested for expression of protein D by colony immunoblot analysis as described above. These experiments showed that expression of IgD-binding protein from plasmids carrying a 1.8-kbp PstI-XbaI fragment from pHIM17 was not dependent on the orientation of the insert since transformants bound IgD regardless of whether the fragment was ligated to PstI-XbaIdigested pUC18 or pUC19. Both recombinant plasmids were shown to express an IgD-binding protein of equivalent size to the protein expressed from pHIM17 in Western blot (immunoblot) analysis (data not shown). The recombinant pUC19 plasmid carrying the 1.8-kbp PstI-XbaI fragment, called pHIM26 (Fig. 1) , was kept for further experiments.
The nucleotide sequence was determined on both strands of the gene encoding protein D by direct plasmid sequencing of subclones and nested deletion constructs of pHIM26. The hpd gene from strain MinnA was compared with the previ- and fragments used as probes (-) are indicated. Vector DNA is marked in boldface.
MinnA 51 CTTTCTTTATTAGCAGCTGGCGTACTAGCAGGTTGTAGCAGCCATTCATC 100
MinnA 151 GTGGTGCTAGCGGTTATTTACCAGAGCATACGTTAGAGTCTAAAGCACTT 200
MinnA 251 GGATGGTCGTTTAGTGGTTATTCACGATCACTTITTAGATGGCTTGACTG 300
MinnA 351 GTCATCGACTTTACC.TTAAAAGAAATTCAAAGTTTAGAAATGACAGAAAA 400
MinnA 451 CACl'IGGAAATCACATTTTAGAATTCATACCTTTIGAAGATGAAATTGAA 500
MinnA 501 TTTATCCAAGGCTTAGAAAAATCCACTGGCAAAAAAGTAGGGATTTATCC 550 (Fig. 2) . Comparisons of sequences flanking hpd showed that the downstream region was conserved, while the sequence immediately upstream of the start codon showed no homology apart from the putative ribosomal binding site (Fig. 2) . No putative promoter region could be found upstream of hpd in pHIM26 since the Sau3A site used for isolating the fragment is found only 29 nucleotides upstream of the ATG start codon (Fig.  2) . The transcription of hpd from pHIM26 is therefore probably dependent on a promoter in pUC18.
Southern blot analysis of chromosomal DNA from various H. influenzae strains. To characterize the hpd locus at the nucleotide level further, chromosomal DNA from 100 strains of H. influenzae belonging to different serotypes and biotypes and from various geographical origins was digested
MinnA 651 ATGGTGTACTTACAAACTTTCGATTTTAATGAATITAAAACGTATCAAAAC 700
MinnA 751 CTTATACAGATTGGAAAGAAACACAAGAAAAAGACCCAAAGGGTTATTGG 800
MinnA 801 GTAAACTATAATTACGATTGGATGTTTAAACCTGGTGCAATGGCAGAAGT 850
851 GGTTAAATATGCCGATGGTGTTGGCCCAGGTTGGTATATGTTAGTTAATA 900
E E S K P D N I V Y T P L V K E 307
MinnA 901 AAGAAGAATCCAAACCTGATAATATTGTGTACACTCCGTTGGTAAAAGAA 950 7 7 2
L A Q Y N V E V H P Y T V R K D A 324
MinnA 951 CTTGCACAATATAATGTGGAAGTGCATCCTTACACCGTGCGTAAAGATGC 1000
---G----A--------------------------------C --------E A 342 K S G A T G V F T D F P D T G V 357
MinnA 1051 ATAAATCAGGGGCAACAGGTGTATTTACTGATTTCCCAGATACTGGCGTG 1100
MinnA 1101 GAATTCTTAAAAGGAATAAAATAATATCCCTCACAACCGTGGGTAAACAT 1150
_---------------------------------
MinnA 1151
772
ACCCACGGTTAACTAGGTTTCTATATCGTAGAAACTAAAAATCTACTCTA 1200
1225
MinnA 1201 ACAGAGTAACATCATAATCAATCTA
MinnA 601 CTGAAACGCTCAAAGTGTTAAAAAAATATGGCTATATAAGAAAACCGAT 650 (Fig. 1) . The probes correspond to 91% (945 of 1,035 bp) of the hpd gene encoding the mature protein D (10, 11) . The membranes were hybridized with the 316-bp NheI-EcoRI probe, homologous to the 5' end of hpd (Fig. 3) . After washing and autoradiography, the membranes were stripped with alkali and rehybridized with the 629-bp EcoRI probe, homologous to the 3' end of hpd (Fig. 4) . DNA from each of the 100 strains contained sequences that hybridized with the two hpd probes under the stringent conditions used ( Table  1) . Fig. 3) , suggesting a DNA modification system in these strains which includes the PstI recognition sequence, since EcoRI cleaved DNA from these strains readily. Resistance to PstI digestion has been reported previously by other authors (24) . In 77 of 90 strains successfully digested with PstI, both probes recognized the same DNA fragment of a particular strain, whereas the remaining 13 strains hybridized with fragments of different sizes (Table 1 and Fig. 3) . The patterns seen among these 13 strains belonging to groups C and D might indicate that there is an internal PstI site in the 3' part of hpd in these strains, since the 3'-specific probe recognizes two fragments of different sizes while the 5'-specific probe only hybridizes to one of the fragments. Another (Fig. 1) , both of which were used in this study to investigate whether any RFLP could be found within the hpd gene. The internal 629-bp EcoRI fragment which was used as a 3'-specific probe hybridized with a 0.63-kbp fragment after EcoRI digestion of genomic DNA in 93 of 100 strains (Table   1 and Fig. 4B ), which suggests that the 3' end of hpd is highly conserved. The remaining seven strains had fragments that were recognized by both probes (Table 1 and Fig. 4 (Table 1 ). The RFLP pattern after EcoRI digestion of DNA from NTHi strain 6-7572 is unique (Fig. 4) . A plausible explanation is that this strain may contain two copies of hpd.
Binding of IgD myeloma 4490 to intact cells. Most H. influenzae strains used in this study have been shown previously to bind high levels of radiolabelled human myeloma IgD to their surfaces (2) . (10) . Preliminary data suggest that the IgD-binding region of protein D is located at the C-terminal part of protein D, since E. coli clones expressing protein D that is truncated in the C-terminal part of the protein do not bind radiolabelled human myeloma IgD 4490 to their surfaces (9) . If the C-terminal end of protein D is exposed on the outside of the bacterium, there is a larger selective pressure on this part of protein D caused by the immune system of the host. Hence, this region could be more variable than the N-terminal part in order to avoid the immune system. The hpd genes of more H. influenzae strains must be sequenced in order to confirm this hypothesis.
Previous studies have demonstrated that all H. influenzae isolates tested express a 42-kDa IgD-binding protein (2) . Our results show not only that protein D is antigenically and functionally conserved but that the organization of the hpd gene is homologous in H. influenzae strains belonging to different serotypes and biotypes. The 3' part of hpd shows a limited diversity since the 629-bp 3'-specific probe hybridizes to a 0.6-kbp fragment in 93 of the 100 strains after digestion with EcoRI. The remaining seven strains are apparently lacking the EcoRI site separating the two probes, while the site at the very 3' end of hpd is intact since the two probes hybridize to the same fragment in one given strain.
An interesting observation was found when the RFLPs of hpd of type b and nontypeable strains of H. influenzae were compared. The vast majority of Hib strains (34 of 39) belong to group B; i.e., they have a 3.3-kbp PstI fragment with which the two hpd-specific probes hybridize, whereas none of the 41 NTHi strains successfully digested with PstI show hybridization to a fragment of this size. The dominating size of PstI fragments from NTHi strains (24 of 41) with which hpd probes hybridize is a 1.9-kbp fragment (group F). The difference of 1.4 kbp probably lies upstream of hpd since the PstI site downstream of the protein D gene is conserved in H. influenzae MinnA and 772 (Fig. 1) , which belong to RFLP groups B and F, respectively ( Fig. 3 and Table 1 ). The median sizes of EcoRI fragments that hybridize with the 5'-specific probe are 6.3 kbp for Hib strains belonging to group B and 5.0 kbp for NTHi strains belonging to group F. The EcoRI site separating the 5'-and 3'-specific probes is conserved in most strains, and it is therefore the position of the EcoRI site upstream of hpd that determines the polymorphism. The difference of 1.3 On the basis of the homology between the nucleotide and deduced amino acid sequences of strains MinnA and 772 together with the conservation of EcoRI sites within the protein D gene from 100 H. influenzae strains, it is concluded that there is only a limited diversity within the hpd gene. However, considerable variation in other regions within hpd could exist among the strains that were not sequenced. Therefore, the nucleotide sequence of hpd from more strains must be analyzed before any general conclusions can be made concerning the conservation of the amino acid sequence of protein D and its possibilities as a future vaccine against all types of H. influenzae.
